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CONVERSION FACTORS, ABBREVIATIONS, AND VERTICAL DATUM

Multiply By To obtain

inch per year (in/yr) 2.54 centimeter per day
foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot per mile (ft/mi) 0.189 meter per kilometer
foot squared per day (ft%/d) 0.0929 meter squared per day
square mile (mi?) 2.590 square kilometer
gallon per day (gal/d) 0.06309 liter per day

gallons per acre per day 3.7854 liter per acre per day
million gallons per day (Mgal/d) 3,785 cubic meter per day

In this report, leakance is expressed in units of d"! (per day), the simplest form of the expression
(ft/d)/ft (foot per day per foot).

Sea level: In this report “sea level” refers to the National Geodetic Vertical Datum of 1929-- a

geodetic datum derived from a general adjustment of the first-order level nets of the United
States and Canada, formerly called Sea Level Datum of 1929.
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HYDROGEOLOGY AND SIMULATED GROUND-WATER FLOW
IN THE AREA OF GREENWICH TOWNSHIP,
GLOUCESTER COUNTY, NEW JERSEY

By Amileto A. Pucci, Jr., Cynthia Barton, and Herbert T. Buxton

ABSTRACT

The ground-water resources of the Potomac-Raritan-Magothy aquifer system and
overlying upper Cenozoic deposits are the principal source of water supply in the area of
Greenwich Township, Gloucester County, New Jersey. The aquifer system is composed of the
surficial Cenozoic deposits and the upper, middle, and lower aquifers of the Potomac-Raritan-
Magothy aquifer system. The latter three aquifers are confined in the southeastern part of the
study area, and are unconfined where they crop out in a band along the Delaware River.

Recent (1986) hydrologic conditions in the aquifer system were investigated by using a
three-dimensional finite-difference ground-water-flow model. Flow in the unconfined part of the
aquifer system is affected by discharge to small streams that traverse the outcrop area (some of
which are controlled by tide gates) and pumping for decontamination, which result in a water
table that is below sea level in areas of Greenwich Township and Paulsboro Borough. Measured
and simulated water levels representative of recent (1986) conditions generally ranged from near
sea level in the aquifer's outcrop areas along the Delaware River to as much as 70 feet below sea
level in the southeastern part of the study area. The configuration of the potentiometric surfaces
represents regional ground-water flow from recharge in the outcrop area to a large regional cone
of depression centered southeast of the study area in Camden County.

The recent (1986) steady-state water budget calculated from results of model simulations
indicates that the total ground-water flow in the study area is about 44.3 million gallons per day.
The major source of inflow is recharge in the outcrop area (56 percent), followed by induced
seepage from streams (27 percent), lateral flow (15 percent), and downward leakage from the
Englishtown aquifer system (less than 2 percent). The major outflow from the study area is
ground-water withdrawals (45 percent), followed by lateral flow (primarily to the southeast, 31
percent) and discharge to streams (24 percent). Results of model simulations indicate that
induced seepage from small streams that cross the outcrop areas exceeds direct seepage from the
mainstem of the Delaware River within the study area.

Additional sources of potable water from the unconfined part of the aquifer system ideally
would tap (1) recharge in uncontaminated areas, (2) seepage from potable reaches of small
streams, and (3) seepage from the Delaware River at times when or in places where the water
quality is not affected by seawater. Factors affecting the selection of sites for additional
withdrawals of potable water from the confined aquifers include (1) the decreased likelihood of
contamination from human activities with distance downdip, (2) the progressive increase in
drawdown in deeper aquifers, and (3) the possibility that saline ground water from the lower
aquifer may encroach toward wells in the southern and southwestern parts of the study area.



INTRODUCTION

The Greenwich Township area is located along the Delaware River and is characterized by
mixed land uses with concentrations of large industrial complexes. Since World War II, devel-
opment in the area has been the result of industrial growth in manufacture, refining, storage, and
transport of petroleum products. Industrial development and population growth have occurred
primarily near the mouths of the tributary streams to the Delaware River and, more recently,
throughout the study area as a result of the completion of U.S. Highway 130 and Interstate 295
(Barton and Kozinski, 1991).

Most of the study area lies on or adjacent to the subcrop or outcrop of the Potomac-
Raritan-Magothy aquifer system in northwestern Gloucester County. The Potomac-Raritan-
Magothy aquifer system and the overlying upper Cenozoic deposits are the principal source of
water supply in the Greenwich Township study area. Withdrawals from these units were nearly
20 Mgal/d in 1986 (Barton and Kozinski, 1991). Cones of depression have formed locally in the
areas of these withdrawals. A large regional cone of depression has extended into the aquifers in
the area from pumping northeast of the study area. Water levels have declined in one aquifer to an
altitude of 68 ft below sea level, and ground-water-flow patterns have been altered severely from
those during predevelopment conditions. Industries that use hazardous chemicals that potentially
could contaminate ground water, particularly in Greenwich Township and Paulsboro Borough, are
located within the recharge area of the aquifer system. Most of the ground water in the Potomac-
Raritan-Magothy aquifer system in the study area is freshwater, but ground water in parts of the
area is saline. The altered ground-water-flow system also has allowed the intrusion of saltwater
from the Delaware River estuary and the migration of saline ground water from the southeastern
part of the study area (Barksdale and others, 1958, p. 125, fig. 24; Hardt and Hilton, 1969, p. 12-
15, figs. 4 and 5).

This report is the third of three reports that summarize the results of a comprehensive
investigation of the ground-water resources in the Greenwich Township study area done during
1986-88 by the U.S. Geological Survey in cooperation with Greenwich Township and the New
Jersey Department of Environmental Protection. The objectives of this investigation were to
evaluate the effects of ground-water withdrawals, contamination from human activities, and
saltwater intrusion on water supply in the study area. A three-phase approach was used to achieve
these objectives. The results of each phase of the investigation are presented, respectively, in
three reports, which (1) characterize the hydrogeologic framework of, and hydrologic conditions
in, the Greenwich Township study area (Barton and Kozinski, 1991); (2) assess ground-water
quality and geochemistry, and the extent of contamination from human activities (Barton and
Kozinski, 1996); and (3) describe the ground-water-flow system under recent (1986) conditions
by means of a ground-water-flow model (this report).

Pu e and e

This report describes a quantitative analysis of the ground-water system in the Greenwich
Township area, including the development and application of a ground-water-flow model. It
reports (1) a conceptual hydrogeologic model of the ground-water-flow system under prede-
veloped and developed conditions, and (2) results of simulating the ground-water-flow system
under recent (1986) developed conditions. The report includes maps that show the hydrogeologic
framework and the distribution of the transmissivity of aquifers and leakance properties of
confining units, and describes ground-water-flow patterns and the interaction between ground-
water and surface-water systems. The report also defines the ground-water budget under
developed conditions. The hydrogeologic data used to construct the ground-water-flow model
were collected as part of the 1nitial phase of the study, and include data on aquifer and confining-



unit characteristics, and withdrawals and water levels in 1986. These data, as well as a
d{:;glixgatlon of the hydrogeologic units in the study area, are presented in Barton and Kozinski
( .

Description of the Study Area

The study area comprises approximately 115 mi® in and near Greenwich Township,
Gloucester County, New Jersey (fig. 1). The region also includes the City of Chester and Tinicum
Township, on the northwestern bank of the Delaware River in southern Delaware and Phila-
delphia Counties, Pennsylvania. Two major physiographic provinces are located in or near the
study area (Fenneman, 1938). The unconsolidated sediments of the Atlantic Coastal Plain physi-
ographic province that characterize most of the study area comprise a southeastward-dipping,
seaward-thickening wedge that pinches out to the northwest at the Fall Line (fig. 1). The Fall
Line generally separates the Atlantic Coastal Plain from the Piedmont physiographic province.
The Piedmont, which is located in the northwestern part of the study area in Pennsylvania, is
characterized by Precambrian and lower Paleozoic metamorphic and igneous rocks that are
overlain by a thin mantle of regolith. The land surface slopes gently to the northwest toward the
Delaware River. Land-surface elevation ranges from sea level near the Delaware River to 140 ft
above sea level in the southeastern part of the study area. Areas less than 5 ft above sea level
generally are covered by tidal-marsh deposits and vegetation; in Greenwigh Township, however,
tidal flooding is limited by dikes and floodgates. An area of about 2.7 mi“ in the Repaupo Creek
drainage basin in the central part of the region is maintained below sea level by tide gates (fig. 2).
Most surface-water drainage is tidal and flows to the northwest.

Previous Investigations

Numerous studies of the ground-water resources of the Potomac-Raritan-Magothy aquifer
system have included, or were done in areas adjacent to, the Greenwich Township region. These
include investigations conducted in the lower Delaware River valley (Barksdale and others,
1958); the Coastal Plain of southeastern Pennsylvania (Greenman and others, 1961); the
Delaware River Basin (Parker and others, 1964); Gloucester County (Hardt and Hilton, 1969);
Salem County (Rosenau and others, 1969); Camden County and vicinity (Farlekas and others,
1976; Navoy and Carleton, 1995); Logan Township (Andres, 1984; Kozinski and others, 1990;
Lewis and others, 1991); Philadelphia, Pennsylvania (Sloto, 1986); Delaware County, Pennsyl-
vania (Balmer and Davis, 1993); and the Coastal Plain of New Jersey (Richards and others, 1962;
Gill and Farlekas, 1976; Luzier, 1980; Harbaugh and others, 1980; Zapecza, 1989; Martin, in
press).

Geologic studies in southern New Jersey and the northern Delmarva Peninsula include
descriptions of the stratigraphy of post-Magothy Formation Upper Cretaceous (Owens and others,
1970) and upper Cenozoic sediments (Owens and Minard, 1979). Evaluations of water levels in
the aquifers of the region include maps of the water table in Philadelphia, Pennsylvania
(Paulachok and Wood, 1984), and in southern Gloucester County, New Jersey (Lacombe and
Rosman, 1995); maps of the potentiometric surfaces of the major aquifers of the New Jersey
Coastal Plain in 1983 (Eckel and Walker, 1986); and maps of the Potomac-Raritan-Magothy
aquifer system in the Greenwich Township study area (Barton and Kozinski, 1991).
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HYDROGEOLOGY

The hydrologic cycle describes a continuous circulation of water among the atmosphere,
the land surface, the soil zone, and the sediments that comprise the ground-water system. This
circulation occurs through the processes of condensation, precipitation, evaporation, transpi-
ration, infiltration, and runoff. Atmospheric precipitation falls on the earth's surface and either
becomes surface runoff, is transpired by plants, evaporates, or recharges the ground-water system
at the water table.

The ground-water system is a body of saturated sediments in which water is continually
moving. It is bounded by contacts with natural hydrologic features that limit flow and control
recharge to and discharge from the system. The distribution of flow is defined by the hydrogeo-
logic properties of the aquifer system, which include the geometry of aquifers and confining units
and the distribution of water-transmitting properties within the system. The hydrogeologic
framework, the hydrologic boundaries, and the behavior of the ground-water-flow system in the
study area (the conceptual hydrogeologic model) under predeveloped and developed conditions
are described qualitatively in the following sections.

Hvdrogeologic Unit

Coastal Plain sediments form a wedge-shaped mass deposited on Paleozoic and Precam-
brian bedrock. The sediments consist of alternating layers of sand, silt, and clay that strike
northeast and dip toward the southeast in the study area (fig. 3). The thickness of the deposits in
the study area ranges from a featheredge along the Fall Line to more than 900 ft in southeastern
Gloucester County.

The hydrogeologic framework of the Greenwich Township study area is depicted in a
series of maps and sections that define the geometry of the aquifers and confining units that
comprise the physical framework of the ground-water-flow system. Aquifer units have water-
transmitting properties such that they freely yield water to wells and act as conduits for the flow of
water within the system. Confining units typically are much less permeable than aquifers (by
several orders of magnitude), but transmit water vertically between aquifers. Figure 3 shows
generalized sections through the various hydrogeologic units in the region. Table 1 is a strati-
graphic column that can be used to relate geologic strata to the corresponding hydrogeologic
units. Figures 4 through 12 show structure contours of hydrogeologic units in the study area.

The oldest Coastal Plain sediments are of the Potomac Group and Raritan and Magothy
Formations of Cretaceous age, which make up the aquifers and confining units of the Potomac-
Raritan-Magothy aquifer system (fig. 3 and table 1). In the New Jersey Coastal Plain, this aquifer
system generally is divided into the lower, middle, and upper aquifers, which are separated from
each other by confining units (fig. 3) (Zapecza, 1989, p. 14). In the Greenwich Township study
area, a discontinuous confining unit locally divides the updip part of the middle aquifer into two
distinct hydrogeologic units (Barton and Kozinski, 1991).

The altitude of the top of the bedrock surface beneath the Potomac-Raritan-Magothy
aquifer system is shown in figure 4. In the Greenwich Township study area, the bedrock consists
of lower Paleozoic and Precambrian metamorphic and igneous rocks overlain by a gradational
zone of weathered bedrock (Zapecza, 1989, table 1). In general, the bedrock surface dips at a rate
of about 60 to 100 ft/mi (Barton and Kozinski, 1991). The bedrock is significantly less permeable
than the overlying unconsolidated sediments.

























































































































































Ground water has an effective pathway for movement to deeper aquifers within the
outcrop area where confining units are absent. Most water moving down to both the upper and
lower parts of the middle aquifer flows through the aquifer outcrop area, despite the fact that this
area is much smaller than the area of the confined part of the aquifer (see figures 29 and 30). Most
water entering the lower aquifer must flow through the overlying confining unit because its
outcrop is very small (fig. 32). In fact, withdrawals from the lower aquifer and lateral discharge
together are 75 percent of total ground-water flow in that aquifer, and control ground-water-flow
patterns and rates in the lower aquifer.

The ground-water-flow simulation analysis presented in the previous sections is intended
to define the effects of development on the ground-water system under recent (1986) conditions.
The analysis addresses how and where pumped wells derive water from the ground-water system,
and includes how drawdown propagates within the ground-water system and from what bound-
aries flow is diverted to the pumped wells. These hydraulic characteristics can be used in
conjunction with information on the distribution of ground-water quality provided by Barton and
Kozinski (1996) to evaluate qualitatively the best locations for additional ground-water
withdrawals.

Simulation results indicate that ground water in unconfined areas at the aquifer outcrops
moves at the highest ground-water velocities and is relatively young water. Therefore, water
throughout the unconfined area potentially can be affected by contamination from human activ-
ities. Increased withdrawals in the outcrop area ideally would be located to derive most water by
induced inflow from local streams of good quality or from recharge in areas with land use having
low risk of contamination. The Delaware River is fresh throughout most of the year; saline water,
however, reaches the southern part of the study area during the summer in an average year and
will proceed farther under drought conditions (Anderson and others, 1972). Therefore, the
amo?unt of water derived from induced flow from the Delaware River should be evaluated
carefully.

Additional withdrawals from the confined aquifers, particularly in downdip areas, have
the lowest probability of being affected by contamination from human activities because ground-
water velocities are lower and because ground water has traveled much farther since it recharged
the aquifer system. Withdrawals from the confined aquifers, however, caused significant
drawdown because water is derived either from leakage through confining units, which have very
low water-transmitting properties, or from the outcrop area, which is very far away. A result of
this factor is that the effects of any one well (in terms of decreased flow at hydrologic boundaries)
will be dispersed over a broad area, and not be evident at any single stream or wetland. In fact,
drawdown will be greater and flow derived from a broader area progressively as withdrawals are
made from deeper aquifers because drawdown must propagate farther and through more
confining units before it reaches a hydrologic boundary from which it can derive its flow.

Additional withdrawals from the lower aquifer are limited by the presence of saline
ground water (chloride concentration greater than 250 mg/L). Saline ground water occurs in the
southern and southwestern parts of the study area, in East Greenwich, Greenwich, Harrison,
Logan, and Woolwich Townships and Swedesboro (Barton and Kozinski, 1996). An attendant
adverse effect of the sensitivity of the deep confined aquifers to withdrawals is that increased
drawdown caused greater rates of movement of saline ground water toward the pumped wells.
Monitoring for possible updip movement of saline ground water will assist long-term
management of water supply.
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Increased flow downward to the aquifer system from the Englishtown aquifer system is
not likely to be a significant source of additional water because of the low leakance of the
overlying confining unit and the limited extent of the Englishtown aquifer system in the study
area. Leakage from the Englishtown aquifer system is less than 2 percent of the ground-water
budget under recent conditions.

SUMMARY AND CONCLUSIONS

The Potomac-Raritan-Magothy aquifer system provides virtually all the water supply
within the area of Greenwich Township, Gloucester County, New Jersey. The aquifer system
comprises sediments of the Potomac Group, Raritan Formation, Magothy Formation, and upper
Cenozoic deposits that overlie all the aforementioned sediments. The Potomac-Raritan-Magothy
aquifer system extends eastward from the Fall Line in southeastern Pennsylvania. It deepens to
the southeast and thickens to more than 900 ft in the study area. The aquifer system consists of
the upper aquifer, the upper and lower parts of the middle aquifer, the lower aquifer, and the
associated confining units. Prior to development, ground water flowed toward the outcrop area
and discharged to the Delaware River and other streams. Under recent (1986) conditions,
withdrawals both within the study area and to the southeast have caused ground water to flow to
the southeast away from the outcrop area. Those altered directions of flow threaten to allow
migration of industrial contaminants, saline ground water from deep aquifers, and seawater in the
Delaware River estuary to public-supply wells.

A three-dimensional model was developed to simulate ground-water flow within the study
area during recent (1986) conditions. A quantitative evaluation of the flow system based on
results of flow simulations and observed hydrologic information is presented. The hydraulic
properties of aquifers and confining units based on reported data (Barton and Kozinski, 1991) and
results of the ground-water-flow simulations are presented.

The total water budget of the ground-water system within the study area is 44.3 million
gallons per day during recent (1986) conditions. The major sources of inflow are recharge from
precipitation (56 percent), inflow from streams (including the Delaware River, 27 percent), and
lateral flow within aquifers across the area's borders (15 percent). The major outflows are
withdrawals (45 percent), lateral flow (primarily to a large center of withdrawals east and south of
the study area, 31 percent), and seepage to streams (nearly 25 percent).

The aquifer system is unconfined where the water table occurs in the outcrop or subcrop of
the Potomac-Raritan-Magothy aquifer system or in the overlying upper Cenozoic deposits.
Water-table altitudes are maintained below sea level in parts of the outcrop area by a system of
tidegates on streams that discharge to the Delaware River and by withdrawals designed to control
ground-water contamination.

Altitudes of potentiometric surfaces in the confined aquifers range from 0 to 10 ft below
sea level in their outcrop areas, and reach more than 50 ft below sea level downdip, in the south-
eastern part of the study area. Generally, ground water flows from the shallowest to the deepest
confined aquifers; flow is driven by withdrawals from all aquifers. Withdrawals within the study
area cause local cones of depression and result in upward flow between aquifers in a few local
areas.

Ground water throughout the unconfined area is relatively young and potentially could be
affected by contamination from human activities. Consideration should be given to limiting
withdrawals within the outcrop area to ground water that (1) was recharged in areas not
threatened by contamination, (2) seeps from potable reaches of small streams, and (3) is induced
to infiltrate from the Delaware River where and (or) when the saltwater front is not present.
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Ground water within the confined aquifers is much less likely to be contaminated from human
activities progressively downdip. Withdrawals from within the confined aquifers will have
progressively increasing drawdown with depth and ideally would be located to minimize the
threat of encroachment of saline ground water from the lower aquifer in the southern and south-
western parts of the study area, and implemented with monitoring to warn of updip migration of
saline ground water.
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